The failure of colorectal cancer treatments is partly due to overexpression of CXCR4 by tumor cells, which plays a critical role in cell metastasis. Moreover, serum alkaline phosphatase (ALP) levels are frequently elevated in patients with metastatic colorectal cancer. A polysaccharide, dextran, was chosen as the vector of siRNA. Spermine was conjugated to oxidized dextran by reductive amination process to obtain cationized dextran, so-called dextranspermine, in order to prepare CXCR4-siRNAs/dextran-spermine nanoparticles. The fabricated nanoparticles were used in order to investigate whether downregulation of CXCR4 expression could affect serum ALP in mouse models of colorectal cancer. Methods: Colorectal cancer was established in BALB/C mice following injection of mouse colon carcinoma cells CT.26WT through the tail vein. CXCR4 siRNA for two sites of the target gene was administered following injection of naked siRNA or siRNA encapsulated into nanoparticles.
Introduction
Liver metastasis is the main cause of colorectal cancer-related mortality. Death due to colorectal cancer is often a result of liver metastases. Despite extensive research into the biology of cancer progression, the molecular mechanisms involved in colorectal cancer metastasis are not well characterized. 1 Several studies have demonstrated that CXCR4 and its ligand stromal cell-derived factor 1a (SDF-1) are highly expressed in tissues of metastatic growth, such as the lung, liver, and lymph nodes. CXCR4 is necessary for the outgrowth of colon cancer micrometastasis and significantly correlates with survival and liver metastasis. associated with a variety of diseases, such as in patients with metastatic colorectal cancer. 9 Kohne et al 10 suggested that to stratify metastatic colorectal cancer patients in clinical trials, it is necessary to measure ALP, white blood cells, hemoglobin, and platelets. However, the significance of ALP in terms of detecting hepatic metastasis or prognosis is not well established.
RNA interference was first identified as a defense mechanism against the invasion of foreign genes in the nematode Caenorhabditis elegans and has subsequently been discovered in diverse eukaryotes such as fungi, insects, plants, and vertebrates. Researchers demonstrated that synthetic siRNAs are able to induce RNAi in mammalian cells. 11 There are two types of small RNA molecules, microRNA or miRNA and small interfering RNA, sometimes known as siRNA or silencing RNA, which are central to RNA interference. 12 Researchers demonstrated that inhibition of CXCR4 and its ligand CXCL12 signaling by siRNA knockdown has been found to reduce metastasis breast cancer. 13 Delivery of therapeutic siRNA to specific tissues is a major challenge for systemic siRNA delivery. One reason is that the backbone of RNA contains ribose, which has a hydroxyl (OH) group in the 2′ position of the pentose ring instead of a hydrogen (H) atom. This extra hydroxyl group makes the RNA backbone more sensitive to hydrolysis.
14 Encapsulation generally provides much better protection of siRNAs against serum degradation than chemical modification. 15, 16 Azzam et al 17, 18 Hosseinkhani et al 19 Eliyahu et al 20 and Hosseinkhani et al 21 showed that dextran engrafted spermine capable of complexing and transfecting various genes to different cell lines in vitro and in vivo. Dextran is a water-soluble polysaccharide with multiple hydroxyl groups applicable to chemical modification. Furthermore, it has been extensively used for pharmaceutical applications to demonstrate feasibility in gene expression and cancer gene therapy. 22, 23 Dextran-spermine can form nanoparticles when mixed with siRNA, and the physicochemical properties are changed by the molecular weight of dextran. 24 The aim of this study was to investigate the effect of CXCR4 gene silencing on serum ALP levels in colorectal cancer metastasis to the liver by using CXCR4 siRNAs/ dextran-spermine nanoparticles.
Materials and methods
Mouse colon carcinoma cell line (CT26.WT) was purchased from American Type Culture Collection (Manassas, VA). SiGENOME-ON-TARGET plus SMART pool duplex 
Preparation of dextran-spermine
Dextran-spermine with molecular weight (GPC): Mw = 48400, 20% monoquaternary spermine, elemental analysis of N(%): 9.01 and primary amine (TNBS method): 0.58 mmol/g was prepared as described elsewhere. 17 Briefly, a solution of oxidized polysaccharide (2 g) in 200 mL double-distilled water was slowly added over 5-7 hours to a basic solution containing 1.5 equimolar amount of the corresponding oligoamine dissolved in 100 mL of borate buffer (0.1 M, pH 11). The mixture was gently stirred at room temperature for 24 hours. The amine-based conjugates (reduced) were obtained after reducing the amine conjugates with excess NaBH4 (2 g), which was added to the mixture at room temperature for 48 hours. The reduction was repeated with the additional portion of NaBH4 and stirred for submit your manuscript | www.dovepress.com
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24 hours in the same conditions. The mixture was dialyzed against double-distilled water (6 × 5 L) at 4°C with 3500 cutoff cellulose tubing (Membrane Filtration Products, Inc, San Antonio, TX). The resulting light yellow solution was dialyzed as described previously followed by freeze-drying to obtain yellowish reduced amine-based conjugates in 50% overall yield.
Preparation and characterization of CXCR4 siRNAs nanoparticles
In this study, two kinds of siRNA were chosen specifically for the CXCR4 mRNA to ensure no similarity with other genes. The formation of CXCR4 siRNA I, II/dextran-spermine nanoparticles was performed by simply mixing of CXCR4 siRNA and dextran-spermine at a weight ratio of 1:5 (siRNA I, II/ dextran-spermine) in aqueous solution. Calculation of the concentration of the siRNA sample was done by Beer's law, A260 = (ε)(C)(L), where ε is the extinction coefficient (from the Product Transfer Form), C is the siRNA concentration, and L is the path length of the cuvette. The final concentration of the resuspended siRNA could be done by solving for C and multiplying by the dilution factor. The equation was used to convert between nmol to µg of siRNA: (X nmoL)(Y g/moL)(moL/10 9 nmoL)(10 6 µg/g) = Z µg. Briefly, 5 µg of CXCR4 siRNAs I, II was added to 25 µL of RNase free water and the solution was pipetted up and down three to five times and was placed on an orbital mixer/shaker for 10 minutes at room temperature. The same volume of RNase free water containing 25 µg of dextran-spermine was placed on an orbital mixer/shaker for 10 minutes at room temperature. The solution was gently agitated for 30 minutes to form self-assembled siRNAs/dextran-spermine nanoparticles separately.
Size measurements, morphology, and zeta potential of nanoparticles Morphology of nanoparticles was visualized by transmission electron microscopy model LEO 912AB with Omega energy filter. Nanoparticle size and Fractional volume density distribution (q= Fractional density in the size class) was analyzed using a particle size analyzer (Nanophox/Sympatecs gMBh) at 25°C. Zeta potentials of the nanoparticles were measured using Zetasizer analysis (Malvern Instruments, Malvern, UK) at 25°C with clear disposable zeta cell. The data represent the average ± standard deviations.
Animal experiments
Animal study was done on 7-8-week-old balb/c (Charles River, MA) female mice, which were divided into six groups with six mice per group. The protocol was approved by the animal care committee of Universiti Putra Malaysia (UPM/ FPS/00265). Colorectal cancer models were established in balb/c mice by different injections of mouse colon carcinoma cell line (CT26.WT): (1) intravenous (IV) injection through the tail vain and (2) subcuteanous injection. In Group A, the animals were given IV injections of 1 × 10 5 CT26.WT cells transfected with nonspecific control siRNA duplexes (150 ng/g body weight). The animals were given postinjections of the control siRNA twice weekly through the tail vein. In group B, the animals were given IV injections of 1 × 10 5 CT26.WT cells (transfected with CXCR4 siRNAI, II/dextranspermine, 150 ng/g body weight) through the tail vein. In group C, the animals were given IV injections of 1 × 10 5 CT26.WT cells (transfected with naked CXCR4 siRNAI, II, 150 ng/g body weight) through the tail vein. In group D, the animals were given IV injections of 1 × 10 5 CT26.WT cells (transfected with naked CXCR4 siRNAI, II, 150 ng/g body weight) through the tail vein. Postinjection of naked CXCR4 siRNAI, II was done twice weekly (150 ng/g body weight) through the tail vein. In group E, the animals were given IV injections of 1 × 10 5 CT26.WT cells (transfected with CXCR4 siRNAI, II/dextran-spermine, 150 ng/g body weight) through the tail vein. Postinjection of CXCR4 siR-NAI, II/dextran-spermine was done twice weekly (150 ng/g body weight) through the tail vein. In group F, the animals in group F were given nonspecific control siRNA duplexes twice weekly via injection through the tail vein without any injection of CT26.WT cells. Animals were sacrificed after 35 days.
RNA preparation and real-time reverse transcription-polymerase chain reaction analyses
Total RNA was isolated from six groups of mice frozen liver tissues (50 mg) using Trizol reagent, according to the manufacturer's instruction. Real-time quantitative RT-PCR was performed in the real-time PCR machine (tubes) RotorGene 3000 (Corbett) with Quantitect SYBR green RT-PCR one-step kit as described by the manufacturer. Briefly, 500 ng of RNA was placed into a 20 µL reaction volume containing 0.2 µM of each primer, 10 µL of SYBER green I RT-PCR one-step master mix, and 0.2 µL of reverse transcriptase. A typical protocol included reverse transcription at 50°C for 30 minutes and a denaturation step at 95°C for 15 
whereas ∆Ct target = Ct control − Ct treatment ;
whereas ∆∆Ct = ∆Ct reference -∆ct target
The one-way analysis of variance and least significant difference post hoc test were used to determine whether there were any significant differences among the means of CXCR4 expression of groups A, B, C, D, and E.
Serum alkaline phosphatase measurement
Serum ALP of animal serum was measured in animals by Hitachi (902 Automatic Analyzer, Berlin, Germany) after 35 days. The blood samples were obtained by heart puncture and were allowed to clot. ALP activity was carried out using an ALP optimized assay kit (Roche Diagnostics GmbH, Basel, Switzerland), according to the manufacturer's instructions. ALP activities were expressed as units per liter (U/L).
Immunohistochemistry staining of colon and distal ileum
Immunohistochemistry was performed on groups A, B, E, and F of the distal ileum and colon to confirm the translation of CXCR4 mRNA to protein. Specimens were routinely fixed in 10% formalin in the immediate postoperative period and paraffin-embedded within the first 6 hours after procurement. After sectioning samples (5 µm), slides were dried overnight at 37°C and were deparaffinized with xylene. The sections were treated with sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at 98°C for 20 minutes, and the slides were washed 2 × 5 minutes in TBS plus 0.025% Triton X-100 with gentle agitation. Blocking was done in 10% normal serum with 1% bovine serum albumin in TBS for 2 hours at room temperature. Samples were incubated overnight at 4°C with a primary antibody diluted in TBS with 1% bovine serum albumin at a dilution of 1:100. The next day, sections were rinsed 2 × 5 minutes with tris-buffered saline (TBS) 0.025% Triton with gentle agitation. The slides were incubated in 0.3% H 2 O 2 in TBS for 15 minutes. Sections were labeled with a goat antirabbit IgG horseradish peroxides (HRP), 200 µg/0.5 mL (Santa Cruz Biotechnology) and developed with 3,3'-diaminobenzidine (brown-colored staining) and counterstained with hematoxylin (blue color staining).
Results
Characterization of CXCR4 siRNAI, II/dextran-spermine nanoparticles
In this study, transmission electron microscopy was applied to determine the morphology of nanoparticles 8 hours after preparation. Nanoparticles were formed by mixing CXCR4 siRNAI, II with dextran-spermine at various weight-mixing ratios (siRNA/dextran-spermine) from 1:1 to 1:5. Nanoparticles formed at a ratio of 1:5 repelled one another and did not form aggregation. CXCR4 siRNAs/ dextran-spermine nanoparticles formed small, round particles with good repelling properties against each other (data not shown). The particle size of nanoparticles was automatically calculated by particle size analysis NANOPHOX (0128 P) (Nanophox, Clausthal-Zellerfeld, Germany). The average size of nanoparticles was 54.74 ± 0.00 nm. This experiment was done three times and each time was repeated 40 times ( Figure 1 ). The zeta potential or surface charge of nanoparticles (mV) was automatically calculated and found to be 39.7 ± 0.2, and zeta deviation (mV) was found to be 6.52 ± 0.6 ( Figure 2 ).
CXCR4 expression by RT-PCR one-step
Total RNA was isolated from the liver of six groups of animals 35 days after CT26.WT cell injection. RT-PCR was performed on the real-time PCR machine RotorGene 3000 (Corbett), and delta-delta Ct method was used to analyze CXCR4 and housekeeping gene expression. Standard curve was done with one to two dilutions. CXCR4 efficiency was 1.34 and R^2 value: 0.99 and B-actin efficiency 1.04 and R^2 value: 0.99. Based on one-way analysis of variance and least significant difference post hoc test, there were significant differences among groups at the level F = 85.36 (P = 0.000) ( Figure 3A-C) .
Serum ALP levels
Animal study demonstrated that self-assembled siRNAs I, II/dextran-spermine nanoparticles achieved better inhibition of CXCR4 expression along with lowering serum ALP level. Among groups A to E, the highest level of ALP enzyme was 
Immunohistochemistry staining of colon and distal ileum
Specimens of mouse colon and ileum were studied immunohistochemically for the presence of CXCR4. The chemokine receptor CXCR4 is a seven-transmembrane G protein-coupled receptor (integral membrane proteins) for stromal cell-derived factor (SDF-1,3 also named CXCL12). 2, 6 Our observation revealed that sections labeled with a goat antirabbit IgG-HRP and developed with 3,3′-diaminobenzidine produced a brown color during the enzymatic degradation of H 2 O 2 by HRP. Results demonstrated that strong immunoreactivity was detected in the colon and distal ileum (group A). In group D, moderate immunoreactivity was detected in the colon and distal ileum. In group E, faint immunoreactivity was detected in the colon. In group F, faint to negative immunoreactivity was detected 
Discussion
The ideal gene delivery system must protect the nucleic acid from degradation and should be nontoxic, nonimmunogenic, and biodegradable. 21 Reports have shown that adequate size and positive potential are essential for enhanced delivery of nanoparticles into cells. Typically, a drug carrier must be in a narrow size range from approximately 10 nm to 100 nm. 26 Nanoparticles with zeta potentials between −30 mV and +30 mV typically tend to aggregate. 27 The cytotoxicity of dextran-spermine and CXCR4 siRNAs/dextran-spermine nanoparticles was previously reported in vitro and in vivo, and it was identified as an effective carrier for siRNA systemic delivery. [28] [29] [30] With respect to the lower weight-mixing ratio of CXCR4 siRNA I, II and dextran-spermine (1:5) and low doses of siRNAs used in the preparation of the nanoparticles, small sizes of nanoparticles (57.62 ± 2.51 nm) with suitable zeta potential (39.7 ± 0.2 mV) were obtained. Thus, it was expected that nanoparticles could be efficiently internalized into cells with minimal toxicity. In the field of cancer therapy, nanotechnology has provided researchers with expertise to explore new avenues for diagnosis and treatment of the disease. 31 Utilization of nanotechnology has enabled the development of devices in nanometer sizes that could be designed to encapsulate agents but otherwise are generally toxic due to the doses intended for more applications. 32 In the present study, dextran-spermine was used to evaluate the ability of CXCR4 siRNAs to knock down CXCR4 mRNA. The results revealed that CXCR4 siRNAs encapsulated in dextran-spermine could downregulate the expression of CXCR4 mRNA than naked CXCR4 siRNAs.
Since much research has been done on chemokine receptors, CXCR4 remains an attractive candidate for cancer metastatic therapy. The involvement of CXCR4 expression in colorectal cancer progression and metastases was first shown by Zeelenberg and Ruuls-Van Stalle 33 and Rossi and Zlotnik. 34 In our recent studies, we investigated the effect of silencing CXCR4 mRNA by CXCR4 siRNAs/ dextran-spermine nanoparticles on chemotactic response of mouse colon carcinoma cells (CT.26WT) in vivo and the influence of this chemokine on tumor growth and serum ALP level.
Various combination strategies of siRNAsI, II of CXCR4 with and without dextran-spermine were compared in experimental metastatic animal models. Animals from groups A, B, C, D, E, and F were compared to determine whether lowering CXCR4 levels could affect serum ALP and block colorectal cancer metastasis to the liver, and to evaluate the efficacy of the pretreatment or post-treatment of siRNAs, as well as the efficacy of naked siRNAI, II and CXCR4 siRNAI, II/dextranspermine nanoparticles. Animal study demonstrated that self-assembled siRNAs I, II/dextran-spermine nanoparticles The average body weight of animals in groups A and E was 24.13 ± 0.51 g and 17.61 ± 0.69 g, respectively. There were significant differences among groups A, B, C, D, and E (P , 0.05), but no significant differences were observed within group F (P = 0.724). The significant difference was related to tumor growth. In group E, animals did not gain weight and showed significant differences with other groups (P = 0.001) (photos not shown).
Among groups A to E, the highest levels of CXCR4 expression (8.09 ± 0.8-fold) and serum ALP enzyme (155 ± 18 IU/L) were detected in group A. On the contrary, the lowest levels of CXCR4 expression (2.49 ± 0.04-fold) and serum ALP enzyme (105 ± 4 IU/L) were found in group E. There was a significant correlation between CXCR4 expression and ALP among groups A, B, C, D, and E (Pearson correlation coefficient R = 0.823 and P = 0. 000) ( Figure 6 ).
Our results revealed that animals in group A developed liver metastasis. In contrast, animals in groups B, D, C, and E developed metastases less than those in groups A and C. Metastasis was barely visible in group E. The morphology of liver in group E was normal, whereas those from groups A, B, C, and D showed infiltrative lymphocytes between hepatic parenchyma and portal vein following metastasis of tumor cells to the liver (data not shown). 35 Immunohistochemistry staining showed that after injection of CT26.WT cells, high CXCR4 protein expression was detected in the colon and distal ileum in group A, while moderate expression was detected in group D and faint expression was detected in group E. In group F, faint to negative expression was detected. These results clearly indicate that dextran-spermine nanoparticles efficiently encapsulated siRNA and downregulated CXCR4 mRNA more than naked CXCR4 siRNAs. The fluctuation in CXCR4 expression led to changes in serum ALP level in groups A, B, C, D, and E, which may be associated with colorectal cancer metastasis to the liver. Measurement of serum ALP can be applied economically to screen for liver metastases and to determine which patients should undergo a liver scan. More experiments should be carried out to find out the effect of silencing CXCR4 on pathways involved in serum ALP enzyme.
Conclusion
This study clearly showed that dextran-spermine nanoparticles significantly downregulated CXCR4 expression through CXCR4 silencing as well as good correlation between CXCR4 expression and serum ALP. The functional design of the hematopoietic chemokine receptor CXCR4 may facilitate metastasis to the liver. If validated by prospective studies, CXCR4 expression could be a potential predictive factor for recurrence of liver metastasis. This could improve the current staging of colorectal cancer by defining additional criteria for administration of systemic therapy in patients without overt signs of advanced disease. Perhaps most important is the identification of the CXCR4 receptor as a novel target for clinical therapy. The effect of CXCR4 silencing on serum ALP level may be a useful marker to predict liver metastasis in colorectal cancer and is very promising for future therapeutic strategies that may allow control of tumor spreading by blocking the CXCR4 receptor.
